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Regulation of Gene Expression and Gene Therapy {#sec1.1}
----------------------------------------------

For molecular biology, gene expression is defined as the transcription of a gene into mRNA followed by its translation into protein. Despite the simplicity of this definition, the regulation of gene expression is a highly orchestrated event starting within the gene promoter, a region that binds RNA polymerase II and the general transcription factors (GTFs). This interaction involves the participation of several elements, including enhancers, silencers, insulators, and tethering elements. Among these elements, enhancers and their transcription factors play a pivotal role in initiating the gene expression.[@bib1]

Additional members involved in gene expression regulation are the small non-coding RNAs or microRNAs, which are found at the post-transcriptional level. MicroRNAs, or miRNAs, are short RNA sequences that range from 17 to 24 bp in length, and they are involved in the post-transcriptional regulation by binding to the 3′ or the 5′ UTR of their target mRNAs.[@bib2] Interaction of miRNAs with their mRNA targets regulates gene expression via mRNA degradation and/or translational repression.[@bib2] The miRNAs play a pivotal role in several cellular processes, such as development, differentiation, proliferation, and apoptosis[@bib3], [@bib4] and are expressed in a specific manner and at determined levels depending on the tissue, cell type, lineage, or differentiation state.

Overall, gene expression regulation is the result of complex interactions between transcriptional and post-transcriptional controls, which depend on developmental stage, cell type, and pathophysiological conditions.[@bib1], [@bib5] Understanding the complexity of gene expression regulatory networks has a tremendous impact not only from a biological perspective, but more so with respect to translational medicine. By taking advantage of this knowledge, gene therapy has the potential to treat critical diseases by restoring gene expression to the natural site of synthesis and at physiological levels. This offers the possibility of achieving a long-term expression within a therapeutic window, while avoiding adverse reactions, such as cell stress or toxicity due to transgene overexpression[@bib6] or immune responses triggered by ubiquitous or non-specific expression.[@bib7]

The delivery of the correct gene to patient cells or tissues occurs by means of both viral and non-viral vectors. Among the viral vectors available for gene transfer, lentiviral vectors (LVs) have been extensively used for gene delivery in research, pre-clinical studies, and in clinical trials.[@bib8], [@bib9], [@bib10], [@bib11], [@bib12]

This review will focus on transcriptional and post-transcriptional regulation strategies for cell-type-specific transgene expression as well as their application for *ex vivo* and *in vivo* gene transfer approaches using LVs.

Lentiviral Vectors {#sec1.2}
------------------

More than 20 years ago, Naldini et al.[@bib13] proposed the use of the human immunodeficiency virus type 1 (HIV-1) for the development of LVs. Such vectors are one of the best tools available in the effort to develop efficient viral vectors for gene therapy. Indeed, these LVs present several characteristics that make them very attractive, such as (1) an active transport mechanism to translocate the genomic material into the nucleus regardless of the cell cycle status, making them able to transduce both dividing and non-dividing cells; (2) a lack of viral protein expression after transduction; (3) accommodation of expression cassettes of up 10 kb; (4) a low or absent genotoxicity; and (5) a sustained transgene expression after transduction due to their genome-integration ability.[@bib8], [@bib14], [@bib15] These characteristics result in several applications for LVs, including transgene overexpression,[@bib16], [@bib17] sustained silencing of genes,[@bib18] immunization,[@bib19], [@bib20] cancer cell targeting,[@bib21], [@bib22] *in vivo* molecular imaging,[@bib23] stem cell induction and/or modification,[@bib24], [@bib25] and gene editing.[@bib26], [@bib27]

An important aspect in the generation of HIV-derived LVs is the biosafety concerns related to their derivation, among which is the rare possibility of forming replication-competent lentiviruses.[@bib8] LVs are classified into "generations" based on the packaging constructs used for vector production. The current version is the third generation, which achieves enhanced safety by splitting sequences and genes necessary for viral production into four different plasmids. This design makes the generation of wild-type HIV by recombination highly improbable.[@bib15] The transfer construct containing the expression cassette does not contain genes coding for viral proteins, but only *cis*-acting sequences of HIV: the packaging sequence ψ, necessary to recruit the vector genome RNA to be packaged into the viral particle; a central polypurine tract (PPT) sequence, a nuclear translocation signal; and RRE, the Rev response element important for unspliced RNA transport to the cytoplasm.[@bib28], [@bib29] Biosafety has been improved with the introduction of self-inactivating (SIN) transfer constructs.[@bib30] Unlike the retroviral long terminal repeat (LTR) sequences that are subjected to silencing by DNA methylation, SIN LVs tend to be more robustly expressed.[@bib31]

Besides the improvement of packaging and transfer constructs, the natural HIV envelope glycoprotein has been replaced with glycoproteins from other unrelated viruses in a process called "pseudotyping." The most commonly used is the glycoprotein G from the vesicular stomatitis virus (VSV-G), which confers to LVs a greater stability and wider cellular tropism. This, however, represents an obstacle for *in vivo* applications, especially when the transgene is toxic for transduced cells, such as pro-apoptotic, oncogene, or suicide genes.[@bib32] On the other hand, a wider tropism could be useful in an application aiming to trigger an antigen-specific immune response, such as in the case of cancer gene therapy, by efficiently transducing antigen-presenting cells (APCs). This, however, is a condition to avoid in the case of gene therapy in which transgene expression, aiming to treat the pathological phenotype, could trigger an immunological response against the transgene itself.[@bib33] Pantropic transgene expression can be averted with the use of other viral glycoproteins, for example, the envelope proteins of hepatitis B virus and the baculovirus GP64, which allow hepatocyte-restricted LV entry ([Figure 1](#fig1){ref-type="fig"}).[@bib34]Figure 1Cell-Type-Specific Targeting ApproachesThe drawing shows a schematic reproduction of a liver sinusoid. Liver sinusoidal endothelial cells (LSECs) are cells delineating the hepatic sinusoids. Hepatocyes are separated from endothelial cells by the space of Disse. Stellate cells (SCs) are contained in the space of Disse. On the side facing the bloodstream are found hepatic macrophages, also known as Kupffer cells (KCs), in tight contact with LSECs, and dendritic cells (DCs). Liver-directed gene transfer can be achieved using vector containing cell-type-specific promoter, such as albumin (Alb), Transthyretin (TTR), human alpha antitrypsin (hAAT) promoters for hepatocytes, and ICAM2, Flk1, Tie2, and VEC for endothelial cells. Envelopes of viral vectors can be modified to restrict vector entry to specific cell types, such as the GP64 glycoprotein from baculovirus and hepatitis B virus envelope (HBVE) for hepatocyte transductional targeting. The specificity of transgene expression can be further increased using target sequences with perfect complementarity to cell-specific microRNA (miRT), such as miRT-122 for hepatocytes, miRT-126 for endothelial cells, or miRT-142-3p and miRT-155 for hematopoietic cells, and specifically suppressing the transgene expression in defined cell types without affecting the expression in other cells. ICAM2, intercellular adhesion molecule 2; Flk1, fetal liver kinase 1, the VEGF receptor; Tie2, angiopoietin receptor; VEC, VE-cadherin.

To restrict transgene expression in desired cell types after vector delivery, it is possible to apply several approaches. The main strategies to achieve this goal are three: (1) transcriptional regulation using cell-type-specific promoters; (2) post-transcriptional regulation, or transgene de-targeting, taking advantage of the expression of different miRNAs in certain cell types; (3) restriction of transduction by means of glycoproteins derived from several viruses which confer LVs to the tropism for the desired cell types ([Figure 1](#fig1){ref-type="fig"}). This review will focus on the first two strategies, while restriction of transduction is reviewed by others in this issue.

Transcriptional Regulation {#sec1.3}
--------------------------

To obtain a robust transgene expression following gene transfer, several promoters with or without the addition of enhancer sequences can be inserted into an expression cassette of a gene transfer vector. The promoter is often a strong constitutive promoter, such as the cytomegalovirus (CMV), the spleen focus-forming virus (SFFV), or the human phosphoglycerate kinase (PGK) promoter.[@bib32] While ensuring a ubiquitous transgene expression, these promoters show several drawbacks. Among these are that (1) these promoters are subject to promoter inactivation more than cell-type-specific ones;[@bib35], [@bib36] (2) they are stronger activators of the defense machinery in the host cells, resulting in cytokine-induced promoter inactivation;[@bib37] (3) they have an increased probability to cause insertional mutagenesis due to their enhancer activity;[@bib36] and (4) the ubiquitous expression, including in the transduced APCs, most often results in the development of an immune response against the transgene.[@bib38] For these reasons, scientists have developed several strategies to obtain cell-type-specific transgene expression. The use of these promoters is aimed at selectively targeting transgene expression to desired locations, allowing a prolonged gene expression ([Figure 1](#fig1){ref-type="fig"}). Several studies have demonstrated that restricting transgene expression in particular target cells by specific promoters results in sustained transgene expression that is useful for disease treatments, while the ubiquitous expression can trigger immune reactions against the transgene products.[@bib38], [@bib39]

The liver cells, in particular hepatocytes, represent a typical example. These cells are a good target for transgene expression since they produce and secrete large amounts of proteins.[@bib40] Moreover, hepatocytes' ability to induce tolerance toward antigens makes them more appealing for gene therapeutic approaches.[@bib41], [@bib42], [@bib43] Taking advantage of the liver tolerogenic ability, Akbarpour et al.[@bib44] suggested that hepatocyte-targeted gene therapy could have a role in protecting against type 1 diabetes (T1D). By expressing an immunodominant epitope of T cells, the insulin B chain 9-23 (InsB9-23), under the control of a hepatocyte-specific chimeric promoter (enhanced transthyretin \[ET\]), they were able to induce InsB9-23-specific regulatory T cells (Tregs) and to revert the T1D condition by the combination of *in vivo* gene transfer and anti-CD3 treatment.[@bib44] The hepato-specific transgene expression was also able to favor the conversion of ovalbumin (OVA)-specific naive CD4^+^ T cells, adoptively transferred into naive recipient mice before the administration of an OVA-containing LV, into OVA-specific induced Tregs (iTregs).[@bib7] Using the ET promoter for the production of the factor IX (FIX) of the coagulation cascade, Cantore and colleagues[@bib7], [@bib12], [@bib45] were able to correct the bleeding phenotype in hemophilia B mice and dogs. Moreover, this approach prevented the immune response to the transgene and reverted the anti-transgene pre-existing immunity by tolerance induction in hemophilia B mice.[@bib45] Despite these promising results, the same strategy applied for the expression of coagulation factor VIII (FVIII) was not effective in preventing the formation of neutralizing antibodies against the transgene in treated hemophilia A mice.[@bib34] Recently, it has been shown that hepatocyte-restricted FVIII expression following adeno-associated vector (AAV) delivery is associated with an anti-FVIII immune response in a dose-dependent manner and with cellular stress in hemophilic mice.[@bib6] These results can be explained by the fact that hepatocytes are not the primary source of FVIII production. However, more recent pre-clinical studies for hemophilia A (HA) employed several AAV serotypes and several combinations of liver-specific promoters and enhancer elements driving the expression of FVIII transgene: Greig et al.[@bib46] observed different effects after vector administration in mice and in non-human primates[@bib47] ranging from none to high titer of anti-FVIII antibody formation without a direct correlation between the peak of FVIII expression and the formation of antibodies.[@bib46] Moreover, in a recent clinical trial from BioMarin, hepatocyte-directed FVIII gene therapy resulted in therapeutic levels of FVIII activity (19%--164%) 52 weeks after vector delivery in patients receiving a high dose of AAV with no evidence of anti-FVIII antibody or inhibitor formation.[@bib48] In the past, hepatocytes have been considered the main source of FVIII, since an orthotopic liver transplantation of a normal liver into a hemophilic dog resulted in a complete correction of the bleeding phenotype.[@bib49] More recent studies from our and other groups have shown that FVIII is secreted by endothelial cells, mainly liver sinusoidal endothelial cells (LSEC),[@bib50], [@bib51], [@bib52] and to a lesser extent by hematopoietic cells.[@bib52], [@bib53] By restricting FVIII expression to endothelial cells, largely LSEC, using a LV platform containing the transgene under the control of the vascular endothelial cadherin (VEC) promoter, our group has recently treated the bleeding phenotype in three different strains of immunocompetent hemophilia A mice and prevented the formation of anti-FVIII immune responses after immunization with FVIII several weeks after gene transfer. Further, this strategy was able to revert inhibitor titers in hemophilia A mice previously immunized with FVIII, while the depletion of Tregs in treated mice resulted in a temporary loss of tolerance with the formation of anti-FVIII antibodies, suggesting a role for LSEC in FVIII-specific tolerance induction.[@bib54] These studies indicate that optimal transgene expression is achieved in tissues or cell types physiologically involved in the production of the coagulation protein, thus reaching phenotypic correction of the disease and possibly avoiding immune responses against the transgene.

Several cell-type-specific promoters used in LV expression cassettes in a number of *in vivo* studies have obtained promising results for the treatment of diseases. Recently, the treatment of Alzheimer's disease (AD) with the expression of the neuroprotective protein secreted amyloid precursor protein-alpha (sAPPα) under the control of the neuron specific synapsin 1 promoter was able to prevent the development of the AD phenotype and to rescue the synaptic plasticity in a mouse model of the disease.[@bib55]

### Synthetic Promoters for Transcriptional Regulation {#sec1.3.1}

Another strategy for transcriptional regulation is the design of synthetic promoters that are carried out to combine regulatory elements with particular characteristics *in vitro*, and which are not predictive of their efficiency *in vivo*.[@bib56] Computational methods, which consider evolutionary conserved transcription factor binding sites (TFBSs) related to strong tissue-specific expression and their co-occurrence with other TFBSs, can represent an alternative strategy for the generation of cell-type-specific promoters with a high efficiency. This approach was used by Chuah et al.[@bib56] for the identification of *cis*-acting regulatory modules (CRMs) containing TFBS clusters associated with a robust hepatocyte-specific expression. They designed an AAV for FIX liver-specific gene therapy that contained a hepatocyte-specific promoter, with either a strong (transthyretin, TTR) or moderate (paralemmin, Palm) activity, in combination with hepatocyte-specific (HS) CRMs. The addition of these hepatocyte-specific-CRMs, especially hepatocyte-specific-CRM8, resulted in an improved FIX expression *in vivo*, increasing the transcription from both TTR and Palm promoters and correcting the bleeding phenotype in hemophilia B mice. This system also produced therapeutic levels of human FIX (20%--35%) in non-human primates while maintaining tissue selectivity; however, a few weeks after injection, they observed reduced FIX levels with a concomitant production of anti-FIX antibodies.[@bib56] Although this approach was able to restrict tissue specificity for transgene production, it resulted in a supraphysiological expression that could have led to hepatocyte stress and consequently an immune response to the transgene, as observed for hepatocyte-specific FVIII overexpression.[@bib6] We are aware that the immune system is a very complex system and that many factors are responsible for the immune responses observed after gene therapy, which should be taken into account. These include the type of vector used for gene transfer, the viral proteins from the viral vectors, vector dosage and route of administration, transgene immunogenicity, and species-specific transgenes. This topic, however, is beyond the scope of the present review and have been recently discussed elsewhere.[@bib57], [@bib58], [@bib59], [@bib60]

### Transcriptional Regulation for Cancer Gene Therapy {#sec1.3.2}

For cancer treatment, several gene therapy strategies have been used. It has long been known that tumor growth and metastasis depend on angiogenesis in a process involving endothelial cell activation, proliferation, migration, and sprouting.[@bib61] Consequently, the use of endothelial-specific promoters, such as angiopoietin receptor (Tie2), vascular endothelial growth factor receptor (VEGFR) 1 and 2, von Willebrand factor (vWF), and other promoters, driving the production of genes that are blocking the activation, proliferation, migration, and reorganization of endothelial cells, have been shown to be effective both *in vitro* and *in vivo*, affecting the tumor vasculature and consequently diminishing the tumor growth.[@bib62]

Another possible strategy for cancer gene therapy is targeting directly the tumor cells. The human telomerase reverse transcriptase (hTERT), a component of telomerase, is expressed in most malignant tumors, but not in most normal somatic cells. Yu et. al[@bib63] used the hTERT promoter to express the cytosine deaminase (CD) suicide gene and the reporter gene GFP in a bicistronic LV expression cassette. After intratumoral LV delivery into tumor-bearing nude mice, they observed tumor growth suppression following administration of 5-fluorocytosine (5-FC) and, at the same time, they were able to monitor the tumor growth and the therapeutic efficacy of the treatment by *in vivo* imaging by monitoring the GFP expression in cancer cells. This strategy, however, was not effective for hTERT negative tumors.

Finally, cancer immunotherapy is an effective tool for stimulating the immune system to react against cancer cells by obtaining the expression of tumor antigens under the control of APC-specific promoters, such as the HLA-DR or the dectin-2 promoters.[@bib64], [@bib65] Lopes et al.,[@bib65] for example, showed that intravenous and subcutaneous injection of an LV containing the human melanoma antigen NY-ESO-1 under the control of the dectin-2 promoter was able to induce transgene expression in splenic dectin-2^+^ dendritic cells (DCs) and in CD11c^+^ DCs in lymph nodes close to the subcutaneous injection point, resulting in a strong NY-ESO-1-specific CD4^+^ and CD8^+^ T cell response and providing a safe and effective vaccine by targeting antigen expression to DCs.

### Transcriptional Targeting after Ex Vivo Gene Therapy {#sec1.3.3}

*Ex vivo* gene therapy, by the means of a combination of stem cell manipulation and gene transfer techniques, allows the use of autologous cells instead of cells from allogenic donors. Hematopoietic stem cell (HSC) transduction is a typical example of advances made in gene therapy for clinical applications. In a recent study, Doering et al.[@bib66] developed an LV platform containing a bioengineered FVIII with enhanced expression under the control of the CD68 (GP110, macrosialin, or LAMP4) promoter, restricting FVIII expression in myeloid cells for the transduction of autologous HSC CD34^+^ that upon differentiation in monocytes were able to increase FVIII production and secretion. Even though they do not clearly show FVIII expression by HSC CD34^+^-derived monocytes-macrophages *in vivo*, which would demonstrate the specificity of CD68 promoter, they do demonstrate the feasibility of HSC gene therapy for the treatment of hemophilia A.

Since the gene transfer occurs *ex vivo*, some of the issues related to the *in vivo* delivery of viral vector, such as whole-body distribution and triggering of innate antiviral responses upon systemic administration, can be disregarded. Concerns regarding insertional mutagenesis using integrating viral vectors are, however, still present, especially with the use of strong ubiquitous promoters and/or enhancers that may transactivate neighboring genes and cause malignant transformation.[@bib67] This is even more relevant for the treatment of patients that are cancer prone, as in the case of individuals affected by Wiscott-Aldrich syndrome (WAS).[@bib10] WAS is an X-linked disease caused by mutations in the gene encoding WASP, a protein involved in cytoskeleton regulation.[@bib10] Patients with WAS suffer mainly from eczema, thrombocytopenia, immune deficiency, and susceptibility to infections as a consequence of immunodeficiency, and their pathological status can be cured by LV-transduced HSC autologous transplantation. Reports from two clinical trials[@bib10], [@bib68] showed resolution from eczema and susceptibility to infections and an improvement in platelet counts, immune function, and clinical score in all treated patients. Most importantly, no adverse events related to the genotoxicity due to the use of the LV was observed, unlike the first gene therapy clinical trial using a Moloney-leukemia-virus-derived vector (MLV).[@bib68] These results suggest that integrating LV-mediated HSC gene therapy is a safe treatment for WAS. In recent studies, the WASP transgene was inserted into a SIN LV under the transcriptional control of WAS promoter, ensuring transgene expression and function in a physiological manner due to its natural gene regulation.[@bib10] In pre-clinical studies, WASP expression under the control of the WAS promoter was able to restore IL-2 production and proliferation upon T cell receptor (TCR) activation in WAS T cells, as well as cytoskeleton reorganization in WAS DC. WASP expression was restored both in murine Lin^−^ and human CD34^+^ HSC without detrimental effects on cell growth, survival, and differentiation.[@bib9], [@bib69], [@bib70], [@bib71]

Restriction of transgene expression in desired cell types requires the combination of additional enhancer elements to obtain a more selective promoter. For example, two different groups reported the use of this strategy for the treatment of X-linked chronic granulomatous disease (X-CGD), a primary immunodeficiency due to mutations in the CYBB gene encoding for the catalytic subunit gp91^phox^ of the phagocyte nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase.[@bib72], [@bib73] Santilli et al.[@bib72] created a synthetic promoter containing myeloid TFBSs by fusing the 446-bp proximal promoter of c-Fes downstream of the 360-bp sequence of the cathepsin G minimal promoter. The resulting chimeric promoter was exploited to drive the expression of gp91^phox^ in an LV used to transduce X-CGD murine Lin^−^ and human CD34^+^ HSCs before transplantation in gp91^phox^-deficient mice and nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice, respectively. With this chimeric promoter, they obtained high-level transgene expression in committed myeloid cells and granulocytes, restoring normal NADPH-oxidase activity. For the same purpose, Chiriaco et al.[@bib73] used a myeloid-specific promoter (MSP) composed of a 1.5-kb minimal promoter sequence from the gp91^phox^ locus fused to the SP146 synthetic enhancer and promoter in an LV expression cassette. After transplantation of human transduced CD34^+^ HSCs in a mouse model of X-CGD, they restored gp91^phox^ expression and function in differentiated myeloid cells.[@bib73] In fact, the myeloid-specific promoter maintained the regulation of transgene expression during bone marrow (BM) development and considerably reduced gp91^phox^ expression in CD34^+^ HSCs, thus minimizing the risk of genotoxicity and potential perturbation of reactive oxygen species levels. Consequently, the use of myeloid-specific promoters within an LV cassette were shown to be promising for the treatment of X-CGD with improved safety and efficacy compared to the SFFV-based γ-retroviral vector used in a previous clinical trial showing enhancer-mediated mutagenesis and diminution of effectiveness over time due to silencing of the viral LTR.[@bib36]

In some cases, the genetic elements necessary to ensure high and cell-type-specific transgene expression upon gene transfer require a complex design. LVs can be used to transfer complicated and bulky structures, as in the case of β-globin gene correction for the treatment of severe sickle cell disease (SCD) and β-thalassemia. The design of the LV for human β-globin gene therapy, to achieve high and erythroid-specific expression, requires not only the β-globin gene containing a mutation (β^A(T87Q)^) with anti-sickling properties, but also β-globin gene introns, promoter, enhancers, and β-locus control region (β-LCR).[@bib74], [@bib75] Phase 1/2 and phase 3 studies to evaluate safety and efficacy of this approach are ongoing, with no adverse events reported so far.[@bib76], [@bib77], [@bib78], [@bib79]

### Transcriptional Regulated Inducible Promoters {#sec1.3.4}

Inducible promoters are also a valid option when it is necessary to control or induce transgene expression. Inducible promoters provide an additional regulatory point, as they can be induced under specific conditions and in selected tissues. The most common inducible systems are based on tetracyclin (Tet) or its more potent analog doxycycline (Dox).[@bib32] *In vivo* uses of these systems, however, are limited due to their leakage. This limitation has been bypassed by the construction of single inducible LV containing the transactivator under the control of a cell-type-specific promoter, such as VEC promoter for endothelial cells[@bib80] or the albumin (Alb) promoter for hepatocytes,[@bib81] with the transgene under the Tet-inducible promoter. Finally, concerns using Dox are related to the possible development of resistance to the antibiotic, the toxicity of the inducer molecule, and, despite the absence of immunogenicity in different mouse strains, the development of immune responses to the chimeric transactivators, as reported in studies with intramuscularly delivered Tet-ON activators in non-human primates.[@bib32]

Post-transcriptional Regulation {#sec1.4}
-------------------------------

Transgene expression restricted to a desired tissue or cell type by using cell-type-specific promoters alone, although successful in some applications, does present some weaknesses. These include difficulties in truly identifying and reconstructing the promoter of a gene and the fact that unique cell-specific transcriptional patterns belong to very few genes, while different promoters can be active in different cell types or conditions. A possible approach to overcome this issue takes advantage of the RNA interference (RNAi) machinery present in cells, thus adding a post-transcriptional layer of control to suppress transgene expression in particular cell types. RNAi and associated small RNA-mediated processes induce gene silencing through transcription reduction, caused by mRNA destabilization, or translation inhibition in a sequence-specific fashion.[@bib82] This mechanism of silencing was first described in 1993,[@bib83] and in early 2000 these small RNAs, called microRNA or miRNA, were recognized as a distinct class of regulators with important biological functions.[@bib84], [@bib85], [@bib86] Since they are highly conserved between species, miRNA expression and biologic functional studies can be carried on in animal models. Moreover, the expression of different miRNAs has been found to be altered in several pathological conditions, such as cancer[@bib87], [@bib88] and heart[@bib89], [@bib90] and liver[@bib91] diseases, thus rendering them diagnostic and/or prognostic biomarkers as well as potential therapeutic targets for several pathologies.

By taking advantage of adding specific miRNA target sequences (miRTs), which are perfectly complementary to the desired miRNAs, it is possible to increase the cell-type specificity and stringency of transgene expression not only in desired cell types, but also in certain cells at a determined differentiation stage and/or pathological condition ([Figure 1](#fig1){ref-type="fig"}).

To benefit from this post-transcriptional regulation system, several factors need to be taken into account for the selection of candidate miRNA: (1) the cell-type-specific expression; (2) the level of expression needed to reach a certain threshold; (3) the miRT configuration, in terms of perfect complementarity (exclusivity with respect to other miRNA) and numbers of repetition of the sequence (usually 2--4 are sufficient); (4) the order of insertion and the length of spacer sequences when miRTs are used in combination.[@bib4]

Brown et al.[@bib92] were the first to use this strategy *in vivo* to de-target transgene expression in hematopoietic cells, including APCs. They demonstrated a stable gene transfer in immunocompetent mice by adding to the 3′ of their LV expression cassette target sequences for the 3p strand of miR-142 (miRT-142-3p). However, the same strategy applied for FVIII expression for the gene therapy of hemophilia A using a ubiquitous promoter and miR-142 was not able to prevent the formation of immune responses against the transgenes.[@bib7], [@bib54] Since then, several studies using different vector systems and disease models have shown encouraging results using this miRNA-dependent post-transcriptional regulation strategy.[@bib4] Naldini's group[@bib12], [@bib45], [@bib93] added to the 3′ UTR of their LV expression cassette, containing the hepatocyte-specific ET promoter, the miRT-142-3p to avoid transgene expression in APCs, obtaining sustained transgene expression and correction in murine and canine models of hemophilia B.

When a slight leakage of a cell-type-specific promoter is observed with transgene expression in unwanted cell types, it is possible to use more than one miRT to restrict transgene expression in desired cell types. Our group recently showed that FVIII expression following *in vivo* delivery of an LV containing the FVIII transgene under the transcriptional control of the endothelial-specific VEC promoter was able to correct the bleeding phenotype of hemophilia A mice.[@bib54] In preliminary experiments, however, we observed transgene expression not only in endothelial cells, but also in a few hepatocytes and in hepatic and splenic hematopoietic cells (mainly macrophages). Thus, we further increased endothelial-specific transgene expression by adding the miRT-142-3p and miRT-122 sequences to the endothelial-specific LV expression cassette, de-targeting transgene expression in hematopoietic cells and hepatocytes, respectively.[@bib54] As such, the addition of more post-transcriptional control sequences can efficiently overcome off-target problems.

The differential miRNA expression in different cell subtypes can offer the opportunity to target a specific cell type, avoiding the expression in subpopulations. For example, the miRNA-126 is a miRNA expressed mainly in endothelial cells[@bib94], [@bib95] and in hematopoietic stem and progenitor cells (HSPCs).[@bib96] Chiarico et al.[@bib73] showed the efficacy of HSC gene therapy in a mouse model of X-CGD by combining transcriptional, using a myeloid-specific promoter (SP146.gp91), and post-transcriptional regulation, using the miRT-126, in an LV platform. With this strategy, they were able to express gp91^phox^ in myeloid cells avoiding transgene expression in human and murine HSPCs and to restore gp91^phox^ expression in myeloid cells in X-CGD mice after HSC gene therapy.

Similarly, in a cancer gene therapeutic approach, Escobar et al.[@bib97] expressed interferon-α in tumor-infiltrating monocytes-macrophages by combining the use of the Tie2 enhancer and promoter in combination with miRTs for HSPC miRNAs, miR-126 and miR-130a, in an LV for HSC gene therapy to avoid transgene expression in HSCs and inhibit breast cancer progression. More recently, miRNA-126 expression was also reported in plasmacytoid DCs (pDCs).[@bib98] Our group has targeted FVIII expression in myeloid cells using an LV containing the transgene under the transcriptional control of the myeloid-specific CD11b (integrin alpha M, Mac-1) promoter, with or without the addition of miRT-126 as a post-transcriptional level of control to avoid transgene expression in endothelial cells and pDCs. When injected *in vivo*, the miRT-126 efficiently de-targeted transgene expression in endothelial cells and in pDCs without affecting the expression in other myeloid cells, including conventional DCs, and surprisingly avoided immune responses against the transgene product. While further investigations are necessary, this suggests a possible role for pDCs as APCs in the adaptive immune response against FVIII triggered by transgene expression.[@bib54]

Recently, Keavaney et al.[@bib99] described the use of miRTs in association to the use of the pan-neuronal human synapsin 1 promoter (hSyn) to target specifically interneurons with a high level of target selectivity (91% ± 3%), highlighting the potential of miRNA-based viral gene targeting to specific neuron subtypes.

Downregulation of transgene expression is particularly important in gene-therapy approaches involving suicide genes such as cancer gene therapy, where transgene expression is required in cancer cells avoiding the expression in normal cells as an essential prerequisite. Thus, differential miRNAs expression in cancer cells offers an effective method for avoiding off-target effects in normal cells. Dhungel et al.[@bib100] recently exploited this approach to target transgene expression in hepatocellular carcinoma (HCC) cell lines taking advantage of downregulation of miRNA 122a and miRNA 199a in these cells. Hepatocytes express both miRNA 122a and miRNA 199a, while miRNA 199a is expressed by other liver cell types, such as hepatic stellate cells and LSECs. By adding the target sequences for miRNA 122a and miRNAs 199a at the 3′ UTR of the transgene, they were able to avoid transgene expression in normal hepatocytes while obtaining robust expression in HCC cell lines, showing the feasibility of preventing suicide gene therapy off-target effects by sparing non-HCC hepatic cells.

Conclusions {#sec1.5}
-----------

LVs have been shown to be efficient delivery vectors for several transgenes in virtually any cell type, thus opening their use to several therapeutic applications, especially for the field of gene therapy. Their ability to transduce both dividing and non-dividing cells and to integrate in the genome of transduced cells offers the possibility to approach numerous diseases that cannot be treated by other vectors. Further, the reduced incidence of immunity against LV elements compared to other viral vectors and reduced genotoxicity make these vectors optimal candidates for complementary approaches to existing gene therapy strategies that, while efficient in transgene expression, can still present some limitations.

Despite the ability of some target tissues to induce tolerance to certain transgenes,[@bib44] there is an increasing evidence demonstrating that the best target for the treatment of a disease is the cell type producing the specific protein, such as FIX in hepatocytes or FVIII in endothelial cells. This cell-type-specific expression results in long-term expression without triggering the immune system against the transgene and possibly reverting the pre-existing immunity against the exogenous protein.[@bib45], [@bib54] Transcriptional targeting with the use of cell-type-specific promoters, gives the opportunity to express the transgene in a physiological manner, despite some limitations, such as promoter leakage.

The discovery of miRNA-regulated gene expression has opened new potentials to the use of LVs in gene therapy. Taking advantage of the endogenous gene silencing system and the cell-type-specific expression of determined miRNAs, it is now possible to avoid or silence transgene expression in certain cell types at the post-transcriptional level by adding short repeated miRT. The use of miRTs alone, however, is insufficient to achieve specific expression or to avoid immune reaction against the transgene. Further, the use of miRTs in combination with strong ubiquitous promoters, specifically viral promoters such as CMV and SFFV, may result in miRT overexpression and in the downregulation of involved miRNAs. In turn, this may lead to a loss of regulation of the natural mRNA targets and consequently interference with the gene expression profile of involved cells.[@bib101] As such, the combination of transcriptional and post-transcriptional targeting considerably enhances the specificity of the expression cassette in LV constructs, offering the possibility to target not only particular cell types, but also determined subpopulations both *ex vivo* and *in vivo* ([Figure 1](#fig1){ref-type="fig"}). Moreover, these targeting strategies are not restricted to LVs and are suitable for the design of other viral (e.g., AAV) and non-viral (e.g., plasmid DNA-loaded nanoparticle) vectors employed in several gene transfer approaches.

The additional use of other targeting strategies, such as the transductional targeting with envelope modification for cell-type-specific transduction (i.e., pseudotyping; [Figure 1](#fig1){ref-type="fig"}) and the genomic targeting, with site-specific insertion, would further improve the specificity of transgene expression and the safety profile of LVs, consequently increasing the potential of LV-based gene therapy for the treatment of an increasing number of diseases.
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